Decreased photoluminescence of the phosphor BaMgAL10O17:Eu due to oxidation of the europium dopant at high temperatures has been a subject of study for many years in relation to its use in lighting applications. However, understanding of the underlying effects that cause this reduction in photoluminescence remains incomplete and some of the mechanisms proposed in the literature are contradictory. Recent use of this phosphor as a thermal history sensor has extended the range of exposure conditions normally investigated in lighting applications to higher temperatures and multiple exposure times. The kinetics of the process were investigated by means of spectroscopy and material characterisation techniques. It was found that changes in the luminescence are the result of two simultaneous processes: the oxidation of Eu 2+ ions (through a process of diffusion) and a phase transition. The level of degradation of the phosphor is suggested to follow the Kolmogorov-JohnsonMehl-Avrami (KJMA) model above 900 °C and thus can be predicted with knowledge of the exposure time and temperature. This is useful in applications of the phosphor as a temperature sensor.
Introduction
The phosphor BaMgAl10O17:Eu (BAM:Eu) is normally used as the blue component in lighting applications, such as plasma display panels (PDPs), fluorescent lamps (FL) and LEDs [1] [2] [3] [4] . This is due to its high quantum efficiency and ideal chromaticity. However, the manufacture of these devices usually involves heat treatment in air at a relatively high temperature (about 600 °C), and the photoluminescence of the phosphor is then decreased due to thermal degradation that results in oxidation of the dopant ion from Eu 2+ to Eu 3+ and a substantial reduction in blue emission. This thermal degradation has been a common subject of study in recent years with the objective of understanding the mechanisms by which the phosphor degrades and thereby being able to fabricate a more resistant phosphor that remains efficient even after the necessary heat treatment [4] [5] [6] [7] [8] [9] [10] . The literature in the field, however, suggests that understanding remains incomplete and some of the mechanisms suggested are contradictory. The current authors have conducted a study of the thermal degradation of BAM:Eu with a view to using it as a sensor rather than merely a source of blue emission [11] . This previous work revealed both temperature and time dependent variation in the luminescence of the phosphor as shown on figure 5. The current study has extended the range of exposure conditions considered and included the kinetics of the process so that we provide new data and insights concerning the degradation mechanisms and a more complete explanation of the behaviour previously observed.
Oshio et al. [4] suggested that oxidation of Eu 2+ results in the formation of a new magnetoplumbite phase (Eu 3+ MgAl11O19), and Kim et al. [6] used Rietveld refinement analysis to calculate the concentration of this secondary phase to be 2.5 %, 3.7 % and 12 % by weight after exposure for 1 hour at 700 °C, 900 °C and 1400 °C respectively. On the other hand, using x-ray diffraction (XRD), Yamada et al. [7] could only identify the new phase after exposures to temperature in excess of 900 °C. They concluded that the second phase is only present after exposures to temperatures higher than 900 °C and further supported this by observing the fact that the unit cell volume, estimated by
Rietveld refinement, only changed significantly above this temperature. Boolchand et al. [8] used
Mössbauer spectroscopy to find Eu 3+ ions even in fresh samples, with the ions moving to new previously unoccupied sites after thermal degradation in air. However, the nature of this new site and the possibility that it is created as a consequence of the appearance of a new phase is not discussed by these authors. Bizarri and Moine [9] proposed a mechanism for the degradation of the phosphor based on luminescence, thermoluminescence and electron spin resonance (ESR) measurements. The mechanism involves three consecutive steps: the adsorption of gaseous oxygen into oxygen vacancies at the surface of the phosphor, the diffusion of europium ions through bulk material triggered by high temperatures, and electronic transfer from Eu 2+ ions to the adsorbed oxygen when the two elements are in close proximity. They simulated these three steps to account for the loss of luminescence and numerical results agreed well with the values of luminescence intensity obtained experimentally. The maximum temperature achieved in this study was only 1000 °C and the appearance of a second phase was not investigated. In a later paper, Lacanilao et al. [10] used x-ray photoelectron spectroscopy (XPS) to study the concentration gradient of ions from the surface towards the bulk material in samples heat treated at 600 °C in air. Their results indicated that the maximum concentration of Eu 3+ is found at the surface, where Eu 2+ is depleted. The concentration gradient of species strongly supports the idea that Eu diffusion plays an important role in the degradation process and that oxidation of the ion occurs at the surface, where the gaseous oxygen was adsorbed.
Recently, the possibility of using phosphors as thermal history sensors has been suggested [12] , and the use of BAM:Eu shown to be particularly promising [11, 13, 14] . A thermal history sensor is one that records a measure of its exposure to a particular thermal environment and that is affected by both the temperature and the duration of exposure. If the latter is known the temperature, usually the desired measurand, can be determined. The concept has existed for quite some time and there are several different embodiments of the thermal history sensor concept that were reviewed by the authors in an earlier paper [15] . Arguably the best known examples are temperature indicating paints which change colour with exposure and are widely used in the aerospace industry [16] [17] [18] [19] . BAM:Eu has also previously been used as a temperature sensor by the current authors and others. However, here, reversible temperature driven changes in luminescence were used to develop on-line sensors [20] [21] [22] .
In the context of a thermal history sensor, the thermal degradation of the luminescence of BAM:Eu is not regarded as a negative feature that needs to be minimised or eliminated but rather a desirable effect that allows permanent changes in the luminescent emission of BAM:Eu to be related to the temperature of exposure. As such, in this context, the process is not considered to be degradation but merely oxidation. Changes in the emission of BAM:Eu due to oxidation are not only related to the temperature experienced, but also to the duration of the exposure and potentially to the composition of the local atmosphere. Characterising the phosphor in the context of its use as a sensor, which is the main motivation of the work conducted by the authors, requires the oxidation/thermal damage process to be characterised over a wider range of temperatures, exposure periods and atmospheres than has been the case for any of the work conducted to date. In particular, temperatures reported in previous studies are normally lower than those of interest in sensing applications, and the effect of exposure time has only been briefly considered at 600 °C in Ref. [10] . As such, the characterisation of BAM:Eu conducted by the authors provides new data concerning the behaviour of the phosphor and new insights into the nature of the oxidation/thermal degradation process.
In this paper emphasis is placed on the kinetics of the process in a relatively high temperature range (800 °C -1200 °C) and for exposure times in the range 5 -120 minutes. The level of degradation has been measured using photoluminescence by defining an intensity ratio (ρ) between the main emission lines of Eu 3+ and Eu 2+ ions. The degradation was then modelled using the Avrami equation, which is commonly used to describe transformations dependent on both time and temperature, such as crystallisation or phase transformation [23] [24] [25] [26] . This indicates that the oxidation process is similar to that of a phase transformation in which the growth rate shows Arrhenius dependency.
Materials and methods
In this study, powder samples of commercially available BAM:Eu phosphor (KEMK63 UF-P1, Phosphor Technology) were used. This phosphor was manufactured by a solid state reaction method which heats the phosphor to excess of 1600 °C in a reducing atmosphere, and results in a fully crystalline material in which all the dopant ions are in the divalent state.
Powder samples were placed inside an alumina crucible and then placed in a box furnace pre-heated to the selected temperature. An N-type thermocouple in contact with the powder was used to continuously monitor the temperature of the sample. In order to ensure that the phosphor was exposed for the desired time at the selected temperature, the timing of the heat treatment was started when the sample reached 98% of the set temperature. Heating and cooling times were normally below 5 minutes. When the heat treatment was finished the sample was removed from the furnace and cooled down in ambient air.
In order to investigate the mechanism of oxidation of BAM:Eu, samples of BAM:Eu powder were heat treated in air in the temperature range 800 °C -1200 °C at 100 °C intervals. The duration of the exposure was varied with values of 5, 10, 20, 40, 60 and 120 minutes.
Luminescence from the samples was measured at room temperature after the samples were heat treated. Samples were excited by using the fourth harmonic (266 nm) of a Nd:YAG laser (Quanta-Ray LAB-150, Spectra Physics) Q-switched with a repetition rate of 10 Hz. The laser spot size was kept constant at approximately 4 mm and the energy used was 1 ± 0.1 mJ, as measured by an energy meter (PEM-45K, Radiant Dyes). Effects of the energy fluence on the phosphor emission were investigated in Ref [11] and found to be insignificant.
Emission spectra were measured by a Czerny-Turner spectrometer (Acton SP-2300i, Princeton
Instruments) attached to a CCD array camera (Imager Intense, LaVision) with an exposure time of 1 ms. The spectrometer had a focal length of 300 mm and a grating with 300 g/mm. Light was directed onto the 100 μm entrance slit of the spectrometer by a 50 mm Nikon lens. The intensity of the spectra was corrected for instrument response by using a Tungsten lamp as a constant light source, and the wavelength corrected with the narrow emission lines of a mercury lamp. Recorded spectra were composed of 75 individually recorded single shot images thereby enabling statistical analysis.
6
XRD analysis was performed in a desktop instrument (D2 Phaser, Bruker) that used CuKα radiation (1.5418 Å) and permitted the scanning 2θ angles from 5 ° to 90 ° in steps of 0.032 °. A simple search match was performed using the commercial software PANalytical X'Pert HighScore Plus.
Thermogravimetric and differential thermal analysis (TGA-DTA) were performed in a simultaneous TGA-DTA instrument (STA 449F1 Jupiter, Netzsch). Two different tests were performed under air and argon gas flows (60 ml/min) and a heating rate of 10 °C/min. Samples were prepared by placing the powder inside an alumina crucible (67.2 mg and 94.5 mg for the air and argon tests respectively), which were then inserted into the TGA-DTA instrument. Maximum temperature achieved was 1600 °C and data were corrected for systematic errors, including buoyancy effects, by measuring a calibration curve without any sample but under gas flow.
Results and discussion

Spectroscopy
The emission spectra of BAM:Eu after excitation at 266 nm consists of a broad band centred at [11, 13, 14] . The broad band remains invariant in shape with heat treatment, as shown in Figure 1 . This suggests that Eu 2+ ions remain in the same site within the crystal lattice. A blue-shift on the short-wavelength side of the spectra (with a maximum of 3 nm at 1200 °C) can be discerned, which may be related to variation in the crystal field due to strain in the lattice following heat treatment, as reported in [7] . In contrast to the relatively static emission from the Eu 2+ ions, the emission spectra attributed to the Eu 3+ ions changes considerably during oxidation as depicted in Figure 2 . Herein the emission spectra of Eu 3+ ions is normalised to the most intense peak (data at 1000 °C is omitted for brevity). After exposure at 800 °C the peaks in the spectra are relatively broad and of low intensity. The low intensity is consistent with concentration quenching in the surface region as suggested in [5] whilst the indistinct peaks may indicate that the Eu 3+ ions are subject to a range of local crystal fields as might be the case if they occupy different sites in the lattice. The peak with the highest intensity is located at 613.5 nm when the duration of the exposure is short but as the exposure time is increased, it moves to 611.5 nm. This is suggestive of a build-up of lattice strain as previously discussed with reference to the changes in the Eu 2+ emission but given the spectral evolution that may be observed for exposures at higher temperatures, is more likely to be indicative of the emergence of a new phase. Emission from less intense transitions of Eu 3+ , between 575-600 nm, 650 nm and in the range 675-710 nm, are also observed to progressively resolve into more intense and narrow peaks for long exposure times and high temperatures.
The overall evolution of the spectra with temperature and time is best illustrated by considering the spectra for exposure at 900 °C. After 5 minutes, the spectrum is very similar to that of the sample heat treated at 800 °C for 120 minutes suggesting that the rate of the evolutionary process has increased markedly at 900°C, a temperature at which Yamada et al. [7] suggested the appearance of a new magnetoplumbite phase. 
Material characterisation
XRD analysis was performed to see if the presence of the magnetoplumbite phase could be confirmed. The resulting XRD patterns are presented in Figure 3 from which it can be seen that this phase was only detected in samples heat treated at the highest temperature of 1200 °C, and in such cases the intensity of peaks belonging to it were very low. The question then arises as to whether the magnetoplumbite phase only begins to form at 1200 °C or if it is present at lower temperatures in quantities below the resolving power of the instrumentation. The answer appears to be provided by the emission spectrum for exposure at 1200 °C which shows the same features that emerged at 900 °C and no indication of a change in the site characteristics of the Eu 3+ ions as would be the case if they were transferred to a new phase. Taken together the emission spectra and the XRD patterns suggest that the magnetoplumbite phase begins to form at temperatures as low as 800 °C but that once thermally triggered its formation is dependent on the availability of Eu 3+ ions around which it forms so that the formation rate is limited by processes associated with the formation of Eu 3+ namely diffusion and oxidation. Further investigation of structural and compositional changes undergone during heat treatment was performed by simultaneous thermogravimetric analysis and differential thermal analysis (TGA-DTA).
This analysis was performed under air and argon atmospheres since there is previous evidence that the oxidation of the phosphor is highly dependent on the oxidising characteristics of the surrounding gas. (dashed-blue) presents a significant mass gain at the beginning of the curve, which might be related to adsorption of oxygen on vacancies at the surface of the phosphor [9] . Later, the mass reduces due to water evaporation and does not present any further changes above 250 °C. In the inert atmosphere (dashed-green), only a mass loss due to evaporation of water is evident, which supports the previous observations. DTA shows an endothermic reaction in both gas atmospheres with the peak maximum at 220 °C which is related to this evaporation process. DTA also shows a broad exothermic peak in the samples heated in air (solid-blue) that extends up to approximately 1100 °C. This is ascribed to the continuous oxidation of the europium dopant upon heating. This reaction is still present under argon (solid-green), but to a lesser extent. An explanation for this might be that air is trapped in the voids within the powder inside the crucible that leads to limited oxidation.
The DTA plot shows two additional features worthy of note. At around 900°C there is an exothermic dip in the curve. This may indicate the onset of the formation of the magnetoplumbite phase and would be consistent with the observations made using the emission spectra and previous studies that suggest the formation of this phase at this temperature [7] . In addition, at around 1300 °C, another exothermic reaction is observed to be initiated. This could be another phase change but the hypothesis cannot be corroborated by any of the other data recorded since these were limited to a maximum temperature of 1200 °C. 
Kinetics
Spectroscopy and material characterisation techniques suggest that the changes undergone in BAM:Eu during heat treatment in air are a continuous process in which europium progressively diffuses (high cation mobility in β-alumina [10] ) and oxidises within the BAM lattice as a result of exposure to high temperatures with the formation of a magnetoplumbite phase containing the Eu 3+ for temperatures of 900 °C and above. The normalised intensity ratio (ρ) between the two main peaks of the emissions of Eu 3+ (611 nm) and Eu 2+ (445 nm), presented by the authors in an earlier work [11] and which is plotted in Figure 5 for samples heat treated for the indicated times and at the indicated temperatures, is a measure of the level of transformation achieved. This ratio generally presents a continuous and monotonic increase with temperature and exposure time. However, it shows a slight decrease for samples heat treated at 1200 °C for more than 40 minutes which may be the onset of the process indicated in the DTA analysis at 1300 °C evident in the spectra due to the longer exposure time relative to DTA. A maximum level of oxidation/degradation is evident as the normalised intensity ratio tends to 1 as time increases.
The mechanism of oxidation, as suggested by Bizarri and Moine [9] , involves three steps in which adsorption of oxygen and diffusion of europium control the rate of oxidation. Oxygen is mainly adsorbed at relatively low temperatures according to the TGA data and the number of Eu 3+ that can be generated is thus limited. As Eu 3+ is formed the rate of transformation can therefore be expected to diminish as the oxygen is consumed. Herein, we have additionally proposed that a magnetoplumbite phase forms around the Eu 3+ ions wherein emission from them increases and becomes more distinct.
Intensity ratio data should, therefore, reflect this additional process also.
To test this, an attempt has been made to fit the intensity ratio data to the well-known KolmogorovJohnson-Mehl-Avrami (KJMA) theory of transformation kinetics, which describes the process as being composed of three phases. An initiation phase wherein the new phase appears, to create nucleation sites, in an essentially random fashion, followed by a growth phase from the nucleation sites and finally a saturation phase as the amount of untransformed material diminishes. Given that the transformation in BAM:Eu includes the emergence of a new phases, it was thought likely that the transformation would follow such as process, at least in parts, and indeed the theory is widely and successfully used to describe transformations such as crystallisation, chemical reactions, phase changes and oxidation [23] [24] [25] [26] . Herein, the transformation has additional features, associated with diffusion for example, so that the actual transformation is more complex than the basic theory suggests. Nevertheless, growth and saturation were thought to remain as key features and, as such, it was thought that the KJMA theory remains a good candidate for a reliable mathematical representation of the process. This model is expressed by the following equation:
where y is the ratio of transformed to untransformed material, k is the growth rate, t is the time and n is the Avrami exponent. The growth rate is generally dependent on the absolute temperature following an Arrhenius expression:
A is a pre-exponential constant, Ea is the activation energy, kb is the Boltzmann constant and T the absolute temperature.
The experimental data from the authors' previous work [11] are shown in Figure 5 fitted with only two parameters A and Ea, and an Avrami exponent of 1. This value was chosen since it corresponds to a process in which no initiation phase exists i.e. it describes growth and saturation in a pre-nucleated material. This was done because it was earlier hypothesised by the authors that the rate of formation of the magnetoplumbite phase is controlled by diffusion of Eu ions rather than a probabilistic initiation process. Nevertheless, in order to test this hypothesis a fit was calculated with the exponent as one of the fitting variables and a value close to 1 (0.98) was determined. The fit agrees quite well with the experimental data, thereby supporting the hypothesis, at all except the lowest temperature of 800 °C. This observation is, however, consistent with the changes in the emission spectra at this temperature, which suggests that at 800 °C diffusion and oxidation occur but that the phase change has not begun.
In the temperature range from 900 °C to 1200 °C, the intensity ratio predicted by the KJMA model can be used as a measure of temperature if the temperature is held constant for a known period of time. Thus, in this range the BAM:Eu phosphor could be used as a temperature sensor with a calibration curve in the form of Equation (1) above. In industrial applications of the sensor, the time at temperature can be controlled or at least recorded so that only temperature is an unknown. At lower temperatures measurements can still be made using customised calibration data in the form of look-up tables and further research would be necessary to find a model that can explain the variation of the intensity ratio with temperature and time at these levels.
Data presented in Figure 5 and analysis of Equation (1) suggest that the temperature sensitivity of the sensor diminishes for long exposure times, especially at temperatures above 1100 °C and after approximately 60 min exposure. It would therefore be essential to keep exposure times below 1 h in order to perform reliable temperature measurements above 1100 °C. However, the possibility to tune the response of the phosphor by manipulating the dopant concentration has been presented by the authors in [11] . This would maintain sensitivity at higher temperatures even for long exposure times. 
Conclusions and future work
The oxidation mechanism of BAM:Eu has been studied related to its potential application as a thermal history sensor at temperatures of 800 °C -1200 °C. Despite the complex processes that occur during oxidation of BAM:Eu, the optical properties of the phosphor evolve continuously and do not seem to 13 be affected by the formation of a second phase as suggested in previous studies. In contrast to previous investigations, XRD in this work indicates the presence of this second phase only in samples heat treated at 1200 °C, although no effect on the emission spectra of the phosphor is observed.
Furthermore, TGA-DTA does not show any evidence of structural changes occurring up to 1600 °C.
Future work should clarify if this phase is already present at lower temperatures and determine if Eu 3+ only occupies sites within that phase, which would explain why the emission spectra remains constant. Furthermore, the findings presented in this work are in line with previous models that suggest that adsorption of oxygen, diffusion and oxidation of Eu play an important role in the degradation of the phosphor.
The continuous oxidation of Eu 2+ into Eu 3+ can be measured by defining an intensity ratio between the main emission lines of these two ions, which is dependent on both the time of exposure and the temperature. Experimental data agrees well to the KJMA theory of transformation kinetics at temperatures of 900 °C and above. The Avrami exponent employed, with a value of 1, suggests that the initiation phase is negligible in this process and the kinetics are thus only limited by diffusion of europium ions. The possibility to simultaneously relate the intensity ratio to temperature and time makes this phosphor a promising candidate to perform temperature measurements in this temperature range if the time of the exposure can be controlled. At the lower temperatures of 800 °C further research is necessary to clarify the mechanisms that govern the oxidation of BAM:Eu and a suitable model should be defined to relate the intensity ratio to the other two variables.
